Colorectal cancer (CRC) is a leading cause of cancer-related mortality in the United States. Response rates to second-and third-line therapy for metastatic CRC (mCRC) remain low, and immunotherapy is an attractive strategy for treatment in these patients given generally better tolerability than conventional chemotherapy and the potential for long-lasting durable responses. In particular, the novel checkpoint inhibitors (CPIs) have demonstrated unprecedented clinical activity in a wide range of cancers. The observation of clinical activity in microsatellite instability-high (MSI-H) mCRC was the first indication of a potential for CRC to respond to these agents, and has led to a breakthrough designation by the FDA for CPI use in this subset. Despite this, a proportion of MSI-H and nearly all microsatellite stable disease will not respond to single-agent checkpoint inhibition, and clinical trials are ongoing to increase responses to immunotherapy in mCRC through both better patient selection and novel combinations of immunotherapeutic agents. This review will provide a focused update on the most compelling clinical results of immunotherapy in CRC to date, as well as a summary of current strategies being tested in clinical trials in increase responses to immunotherapy in CRC.
tation burden and an immune-active tumor microenvironment with high levels of tumor-infiltrating lymphocytes (TILs) and high levels of expression of multiple immune checkpoints, including PD-1, PD-L1, CTLA-4, LAG3, and IDO. [9] [10] [11] Given that these features have been observed in other CPI-responsive cancers, a clinical trial of pembrolizumab in dMMR mCRC was conducted and demonstrated response rates of 40% in dMMR tumors versus no response in proficient MMR (pMMR) tumors. 12 Updated data from this trial were recently presented, and a response rate of 57% and disease-control rate of 89% was seen in dMMR CRC versus 0% and 16%, respectively, in pMMR CRC. 13 At a median follow-up of 9.3 months, median disease-free survival and overall survival had not yet been reached in the dMMR cohort, suggesting durable responses in this group. As a result of these observations, pembrolizumab has received breakthrough designation by the FDA for use in MSI-H mCRC.
The activity of nivolumab with or without ipilimumab is also being explored in MSI-H mCRC in the Checkmate-142 trial.
14 At interim analysis, overall response rates of 25% and 33% to monotherapy and the combination, respectively, were reported. Updated results were recently presented of 74 patients treated with nivolumab monotherapy, with an overall response rate of 31% and disease control rate of 69%. 15 CPI monotherapy is being further tested in MSI-H/ dMMR mCRC in previously treated patients (ClinicalTrials.gov identifier: NCT02460198) and in the first line (NCT02563002). Likely, CPIs will soon enter the standard of care for MSI-H mCRC; however, >95% of mCRC is MSS, and efforts to expand the application of immunotherapy in MSS CRC are ongoing, both through the identification of other potentially susceptible subgroups and through combinatorial approaches.
Other Potential Biomarkers of Response to Immunotherapy in CRC
A unifying feature of many cancers that respond to CPI therapy is high mutational burden, likely because of the production of neoantigens, which can be detected as foreign by the host. [16] [17] [18] MSI-H CRC exemplifies this, with an exceptionally high mutation burden and high predicted neoantigen load associated with these tumors. A recent large-scale study demonstrated that higher neoantigen load was correlated with increased immune infiltration in the tumor and better survival, even in MSS CRC. 19 In addition to the MMR proteins classically associated with MSI, other mutations may also lead to a hypermutated phenotype in CRC, including mutations in exonuclease domains of the genes encoding DNA polymerase d (POLD1) and e (POLE). [19] [20] [21] [22] [23] [24] These data support exploring more broadly the selection of patients with a hypermutated phenotype for treatment with CPI, and, with its increasing availability, next-generation sequencing may have a role.
Extensive efforts to demonstrate the predictive value of PD-L1 expression and response to PD-L1 inhibitors have yielded conflicting results, depending on the tumor type and immunostaining techniques. A meta-analysis of 20 trials involving multiple tumor types demonstrated overall response rates of 34.1% and 19.9% in PD-L1-positive and PD-L1-negative tumors, respectively. 25 In CRC, few studies have examined the predictive role of PD-L1. In the aforementioned trial of pembrolizumab in mCRC, although the numbers were small, PD-L1 expression was not significantly associated with progression-free or overall survival. 12 Preliminary results of another trial of pembrolizumab in PD-L1-expressing tumors demonstrated response in only 1 of 23 patients with PD-L1-positive CRC, and this tumor was found to be MSI-H. 26 In the aforementioned Checkmate-142 trial, responses were observed regardless of PD-L1 status. 15 These data suggest a limited role for PD-L1 expression as a biomarker of response in CRC.
Immune infiltration is another potential biomarker of response, as a correlation has been observed between pretreatment CD8-positive T-cell infiltration and response to CPI therapy in melanoma. 27 Immune infiltrates have been extensively studied in CRC for their role in progression of and prognosis from the disease, 28, 29 and it was demonstrated that the densities and distribution of immune cells in the tumor could outperform the UICC TNM staging system in predicting outcome. 30, 31 The Immunoscore emerged from these studies as a simple tool to stratify CRC tumors through the quantification of densities of 2 lymphocyte populations (CD3/CD45RO or CD3/CD8 or CD8/CD45RO) in the tumor core and at the invasive margin. 32, 33 Immunoscore correlated with extent of disease and survival in these analyses and, strikingly, Mlecnik et al 34 demonstrated
that the Immunoscore was more strongly associated with outcome than was MSI-H status. Proponents of the Immunoscore propose to incorporate it into a standardized staging system for routine clinical use. 32 The role of Immunoscore in predicting response to CPI therapy has not been tested. Most recently, gene expression analysis has been used to molecularly characterize and risk-stratify CRC, and has provided further evidence of its diverse biology. Four consensus molecular subtypes (CMS) of CRC based on gene expression profiles have been described: CMS1, "MSI-like" or hypermutated tumors; CMS2, canonical tumors associated with high chromosomal instability and activation of WNT and MYC pathways; CMS3, metabolic tumors associated with KRAS mutations and metabolic dysregulation; and CMS4, mesenchymal tumors. This system demonstrated an ability to stratify tumors by prognosis, with CMS1 tumors unsurprisingly associated with the best prognosis and CMS4 tumors with the worst. It also underscored the limitations of using MSI status alone to stratify patients for treatment, because the CMS1/MSI-H-like group included most but not all MSI-H tumors and some MSS tumors. 35 Becht et al 36 used transcriptomics to characterize the microenvironment of CRC samples with respect to CMS, and observed high expression of immune signatures not only in CMS1 but also in mesenchymal CMS4 CRCs, in which prominent transforming growth factor b (TGF-b) activation, stromal invasion, and angiogenesis likely have a large role in tumor immune escape. These data suggest a role for such a classification system in personalized immunotherapy.
Therapeutic Strategies to Enhance Responsiveness to Immunotherapy
The strategies described may help identify other immunogenic subsets of CRC in which blocking immune checkpoints may be sufficient to yield an effective antitumor immune response. In the remaining poorly immunogenic subsets of CRC, it seems likely that a multipronged approach may be necessary to induce clinically significant responses. To that end, a number of novel immunotherapeutics and combinations are in development to nonspecifically activate the immune system, target the immunosuppressive microenvironment, increase the antigenicity of the tumor, and enhance the antigen-specific immune response ( Figure 1 ).
Other Immunomodulatory Antibodies
Immune checkpoints serve to downregulate an overactive cytotoxic T-cell response and are exploited by cancer cells. By blocking these molecules at the tumor-immune cell interface, CPIs can thus activate cytotoxic T cells in a nonspecific manner. The best studied of these are antibodies inhibiting CTLA-4 and the PD-1/PD-L1 interaction. A number of other checkpoints have been identified (eg, LAG3, TIM-3, CEACAM, KIR), and antibodies to these targets are currently in development. In addition, cytotoxic T cells can be activated via costimulatory receptors (eg, OX40, CD40, 41BB, ICOS, CD27, GITR), and antibodies targeting these molecules are being tested as monotherapy or in combination with other CPIs in a number of early-phase trials (Table 1) . Dual CPIs have been observed to increase responses over CPI monotherapy in melanoma, 37, 38 and the aforementioned Checkmate-142 trial in CRC also investigated this strategy in MSS CRC. In a preliminary presentation, objective response was reported in only 1 of 20 patients with MSS CRC. 14 
Activators of the Innate Immune Response
Toll-like receptors (TLRs) activate the innate immune system in response to pathogen-associated molecular patterns (PAMPs), "danger signals" associated with microbes. A number of TLR agonists are under development and being tested in clinical trials, including a TLR8 agonist with cyclophosphamide in advanced solid tumors (ClinicalTrials. gov identifier: NCT02650635), a TLR5 agonist being tested in the neoadjuvant setting for CRC (NCT02715882), a TLR3 ligand combined with pembrolizumab in mCRC (NCT02834052), and a TLR9 agonist with ipilimumab in advanced malignancies (NCT02668770) and as maintenance therapy after induction in mCRC (NCT02077868).
Imprime PGG is a fungal PAMP used to activate the innate immune system and enhance cytotoxic killing of opsonized cells (ie, epidermal growth factor receptor [EGFR] antibody-treated). A phase II trial in mCRC in combination with cetuximab showed modest activity, and the combination is being further explored in a phase III trial (ClinicalTrials.gov identifier: NCT01309126).
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Tumor Microenvironment-Targeted Agents
Increasingly, it is understood that tumor cells do not exist in a vacuum, and stromal cells and other features in the tumor microenvironment may contribute significantly to the tumor's ability to escape immune destruction. Indoleamine 2,3-dioxygenase (IDO) depletes tryptophan in the tumor microenvironment, with a predominant immunosuppressive effect that facilitates tumor immune escape. 40 IDO inhibitors have been tested in combination with CPIs and cancer vaccines in preclinical models and have shown synergy. 41, 42 Clinical trials are ongoing of IDO inhibitor monotherapy (ClinicalTrials.gov identifier: NCT02048709) and combined with CPIs (NCT02327078, NCT02862457). High IDO expression in CRC correlated with a reduction in CD3-positive TILs and was associated with the presence of metastatic disease and outcome, 43, 44 suggesting a role for therapeutic blockade in this disease.
Adenosine is a potent immunosuppressor released in response to cellular stress and has been shown to promote tumor growth and progression through the downregulation of cytotoxic T cells, recruitment of immunosuppressive cells, and enhanced neovascularization. Inhibition of adenosine production with anti-CD73 antibodies and of adenosine signaling through A2A receptor (A2AR) blockade have been shown to enhance the effectiveness of immunotherapies in preclinical models. 45 Clinical trials are ongoing to evaluate the use of anti-CD73 antibodies (NCT02754141, NCT02503774) and A2AR blockade (NCT02655822) in combination with the CPIs in advanced cancers, including CRC.
Tumor-associated macrophages of the M2 phenotype are thought to promote tumor growth through the production of proangiogenic and growth factors as well as immunosuppressive cytokines, and M2 macrophages can be depleted with CSF1R inhibitors. A number of clinical trials are investigating the combination of CSF1R inhibitor with PD-L1 blockade (ClinicalTrials.gov identifiers: NCT02777710, NCT02718911, NCT02526017, NCT02829723).
Although not frequently mutated in solid tumors, JAK1 is nonetheless believed to be an important mediator of cell signaling driven by inflammatory cytokines released by tumor cells and the tumor microenvironment, promoting tumorigenesis and metastatic spread and suppression of the antitumor immune response. 46 In particular, the JAK/ STAT signaling pathway maintains FoxP3 expression on regulatory T cells (Tregs). 47 A current trial is investigating the combination of pembrolizumab with a JAK1 inhibitor or with PI3K-delta inhibitor (NCT02646748) and in combination with IDO or PI3K-delta inhibitors (NCT02559492).
CCR4 is expressed at high levels on Tregs, and expression of CCR4 ligand represents another mecha- nism of tumor-mediated immune escape. 48 The CCR4 ligand CCL17 was observed to induce CRC cell migration, suggesting a role specifically in metastatic spread. 49 Clinical trials are currently testing this drug alone (ClinicalTrials.gov identifier: NCT02281409), in combination with CPIs (NCT02301130, NCT02705105), or with anti-4-1BB antibody (NCT02444793) in advanced solid tumors.
Treatment with vascular endothelial growth factor (VEGF) inhibitors appears to enhance lymphocyte endothelial trafficking into the tumor and enhances PD-L1 expression, suggesting a role for combination with CPIs. 50, 51 Several such combinations are currently being tested, including bevacizumab plus atezolizumab (ClinicalTrials.gov identifier: NCT01633970), ziv-aflibercept with pembrolizumab (NCT02298959), and a quadruple combination of bevacizumab, durvalumab, tremelimumab, and FOLFOX chemotherapy (NCT02754856).
Enhancement of Tumor Cell Immunogenicity
Nonspecific activation of the immune system is likely insufficient in poorly immunogenic CRC; however, combination with other therapies that can potentially enhance the immunogenicity of these tumors may be a viable strategy.
A dysfunctional MAPK/ERK pathway is prominent in the pathogenesis of many cancers, including CRC. In preclinical models, treatment with MEK inhibitors increased cytotoxic T-cell infiltration and survival, and increased antigen presentation by tumor cells via class I major histocompatibility complex (MHC) expression, and combination MEK and PD-L1 inhibition appeared to have synergistic effects and induced tumor regression. 52 Based on this rationale, the MEK inhibitor cobimetinib was combined with the PD-L1 inhibitor atezolizumab in a phase Ib clinical trial (ClinicalTrials.gov identifier: NCT01988896). Interim analysis demonstrated partial responses in 4 of 23 patients with advanced CRC; remarkably, 3 of these responders were documented to be pMMR. Enhanced CD8-positive lymphocyte infiltration and MHC class I expression were observed in serial biopsies after cobimetinib alone and appeared to be further enhanced by the combination. 53 This promising data has led to a global phase III study (NCT02788279). Combination cobimetinib, atezolizumab, and bevacizumab will also be explored in mCRC (NCT02876224).
Epigenetic therapy can induce changes in poorly immunogenic tumors that may sensitize to immunotherapy, likely via effects on tumor cells (ie, increased tumor antigen expression) and host immune cells (enhanced T-cell survival, upregulation of costimulatory receptors, and depletion of myeloid-derived suppressor cells). [54] [55] [56] Preclinical and clinical data suggest a role for combination CPIs with epigenetic therapy, and several clinical trials are evaluating this combination in MSS mCRC (ClinicalTrials.gov identifiers: NCT02811497, NCT02512172), as well as combination epigenetic therapy with a therapeutic cancer vaccine in mCRC (NCT01966289).
Certain chemotherapies, including oxaliplatin, as well as radiation therapy not only work through direct cytotoxic effects but also can generate antitumor immune responses through the induction of a so-called immunogenic cell death and antigenic spread and subsequent activation of antigen-presenting cells. [57] [58] [59] The optimal strategy to capitalize on these effects in combination with immunotherapy is unknown. CPIs are currently being tested in combination with radiation therapy or ablation or chemotherapy in a number of trials in advanced cancer, including CRC (NCT02437071, NCT02843165, NCT02710253, NCT02239900, NCT02423954, NCT02375672, NCT02268825).
Enhancing the Tumor-Specific Immune Response Antibodies
The anti-EGFR monoclonal antibodies cetuximab and panitumumab have been approved for use in RAS wild-type mCRC. Although their activity as monotherapy is modest, combination with CPIs or other immunomodulatory agents may enhance their efficacy and is being explored (ClinicalTrials.gov identifiers: NCT02318901, NCT02713373). 60 Dual-affinity retargeting (DART) proteins are bispecific antibody constructs that simultaneously target tumor-associated antigens and T-cell surface proteins, thus recruiting and activating T cells at the site of the tumor. This construct has shown efficacy in hematologic malignancies. At least 2 DART proteins are currently under development for use in solid tumors: MGD007 (gpA33 x CD3) is a CRC-specific drug (NCT02248805), and MGD009 (B7-H3 x CD3) is in phase I testing in advanced tumors that express B7-H3 (NCT02628535).
Vaccines
Cancer vaccines have shown promise in their ability to induce tumor-specific cytotoxic T cells and humoral responses to tumor antigens; despite this, objective clinical activity has been limited, likely due to the development of T-cell tolerance to self-antigens, which are often the intended targets. Several strategies are currently being explored in CRC, including whole-cell, peptide, dendritic cell, and virus-based vaccines, and several notable CRC vaccines are summarized in Table 2 . A meta-analysis of clinical trials of vaccine therapies in CRC published in 2011 demonstrated a benefit in overall survival and dis- ease-free survival when used in the adjuvant setting, but little benefit in advanced disease, and accordingly much of the focus in clinical trials has shifted to the adjuvant setting. 61 However, combinations with CPIs or other immunomodulatory therapy may overcome tolerance mechanisms and yield greater activity. In addition, next-generation sequencing has allowed the prediction of neoantigens and the possibility of manufacturing patientspecific vaccines.
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Adoptive T-Cell Transfer
Adoptive T-cell transfer represents another potential strategy to enhance the tumor-specific adaptive immune response. Most promising among the adoptive T-cell transfer strategies is chimeric antigen receptor (CAR) T-cell therapy, in which autologous T cells are engineered to express tumor-specific receptors, allowing for increased specificity and activation on binding. Although CAR T-cell therapy has seen great success in the treatment of lineage restricted hematologic malignancies, its applicability to solid tumors remains to be seen due to a lack of suitable antigen targets. 64 
Summary and Future Directions
Although previously thought to be a poorly immunogenic cancer, CRC is increasingly understood to be multiple, distinct entities with differing biology and different potential to respond to immunotherapy. Currently, MSI is the only biomarker of response to CPIs, and PD-1-directed therapy may soon become an option for patients with MSI-H CRC. However, other classification systems, such as the Immunoscore and molecular profiling, have shed light on the varying biology of CRC and provide clues that can further increase the ability to predict which patients may benefit from certain immunotherapeutic strategies. Additionally, whole-exome sequencing may have a role in identifying which patients are likely to respond to immunotherapy and identifying potential neoantigens that may serve as the basis for individualized therapies. In most patients, it is likely that combination immunotherapy will be necessary to overcome multiple immune tolerance mechanisms active in these cancers.
